Hydrophilic albumin microspheres are proposed as a new delivery system for amphotericin B (AMB; AMB microspheres). The acute toxicity of AMB microspheres was lower than that of the AMB-deoxycholate (AMBDoc) reference formulation in hamsters. Lethal doses in healthy and infected animals were improved at least eight times. Intravenous bolus administration of doses of AMB microspheres up to 40 mg/kg of body weight did not produce acute symptoms of toxicity. The efficacy of this new formulation was tested against Leishmania infantum-infected hamsters at doses of 2, 10, 20, and 40 mg/kg. With the 2-mg/kg dose, the activity of AMB, as assessed through the parasite load reductions in the liver and spleen and the evolution of antibody levels, was also improved (P < 0.05) by use of the AMB microsphere system. At the higher doses of 10, 20, and 40 mg/kg, reductions in parasite levels of more than 99% were achieved in the liver and spleen after the administration of AMB microspheres. A pharmacokinetic study was performed to study the serum, liver, and spleen AMB concentrations after administration of AMB microspheres and the reference formulation. Interestingly, a significant accumulation of AMB in the spleen and liver was observed after AMB microsphere administration. Our results suggest that this new formulation is a promising alternative to the conventional AMB-Doc formulation for the treatment of visceral leishmaniasis.
Visceral leishmaniasis is a disease caused by different species of the genus Leishmania both in the Old World and in the New World (23) , with an estimated annual incidence of 500,000 cases (44). In Mediterranean countries this infection is considered an emerging disease closely linked to human immunodeficiency virus infection (2, 8, 9) . In the Mediterranean Basin, wild canines and domestic dogs are the main reservoirs of zoonotic infections caused by Leishmania infantum (16) , with L. infantum infections affecting about 5% of the total dog population in that region. Despite the availability of several drugs, successful treatment of visceral leishmaniasis has not yet been achieved. The most prevalent treatment consists of the administration of pentavalent antimony in the form of sodium stibogluconate (Pentostam) or meglumine antimonate (Glucantime) (26) , but there is growing evidence that the rates of response to the antimonials are declining due to the emergence of resistance, and relapses are frequent (24, 38) . Amphotericin B (AMB) provides significant leishmanicidal activity as well, and its use results in fewer treatment failures and relapses. However, the important side effects, mainly nephrotoxicity, produced by this drug when it is administered at therapeutic doses have often led to its rejection as a first-choice treatment (28) .
New drug delivery systems, such as liposomes, nanospheres, and microspheres, can result in higher concentrations of AMB in the liver and spleen but lower concentrations in the kidneys and lungs (41) , thus decreasing the toxicity of AMB (36) . Moreover, the administration of AMB through these delivery systems can enhance the accessibility of the drug to organs and tissues (e.g., bone marrow) otherwise inaccessible to the free drug (1) .
During the last few years, new AMB formulations (AmBisome, Abelcet, and Amphotec) with improved efficacy/ toxicity ratios have been marketed (4, 27) . Nevertheless, the utility of these new products is greatly limited by their high costs (34, 43) , so they generally have little value for the treatment of humans in many areas where leishmaniasis is endemic and for the treatment of animals in veterinary clinics. Under these circumstances the development of low-cost vehicles is required. It is a matter of interest to design new formulations that, like the recently commercialized AMB alternatives, can grant a better ratio between activity and toxicity compared with that of the classically used formulation Fungizone (AMB-deoxycholate [AMB-Doc]), but with economical advantages in terms of the cost of the formulation compared with the costs of the AMB formulations already marketed.
Thus, a new formulation consisting of albumin microspheres containing AMB (AMB microspheres), elaborated by a spraydrying process, has been developed (40) . Albumin is a biocompatible and biodegradable carrier (35) . The composition of the formulation and manufacturing procedures make feasible the production of a stable final product that could be an economically interesting alternative to the recently marketed lipid AMB formulations. In the present paper, the activity of this new drug delivery system against L. infantum, which was tested in an experimental model of visceral leishmaniasis in hamsters and whose activity was compared to the activity of the AMBDoc reference formulation, is presented. Moreover, toxicity and pharmacokinetic studies with both formulations were carried out with hamsters. body concentrations in serum, determined as described below. On day 69 postinfection these groups, consisting of six animals each, were injected via the heart with one of the following preparations over 1 min: AMB microspheres or AMBDoc (both formulations were used at increasing concentrations of 2.5, 5, 10, 20, and 40 mg of AMB per kg of body weight until the 50% lethal dose was reached). One group was left untreated as a control. The animals were examined for mortality over the next 48 h.
(ii) Healthy animals. The same preparations and doses mentioned above were injected into uninfected animals.
Subacute nephrotoxicity assay. Creatinine and urea concentrations in plasma were quantified with an autoanalyzer (Ra-500; Bayer), according to the instructions of the manufacturer. To this end, the concentrations in the serum samples of all the hamsters included in the activity tests were measured during the activity studies 1 week before treatment and 5 weeks later.
Activity assays. Activity experiments were divided into three assays. In all of them, male Syrian golden hamsters were infected and classified as described above for the acute toxicity test with infected animals.
(i) First activity assay. Both formulations were tested by use of the same drug dose. Groups of five or six animals each were used. A serum sample was taken each week in order to determine the antibody response, as described below. On days 69, 71, and 73 postinfection, three doses of 2 mg of AMB/kg were administered as AMB microspheres via the heart over 1 min to one of the groups. A second group was given the same doses of AMB in the form of the reference AMB-Doc formulation. A third group received no treatment (control group). On day 150 postinfection, all animals were killed and the parasite burdens in the spleens and livers as well as the antibody titers were quantified as described below. The existence of statistically significant differences was determined by applying a one-way analysis of variance with log 10 -transformed data.
(ii) Second activity assay. The activities of the AMB microspheres were studied by use of a dose of 40 mg of AMB per kg, which was the maximum quantity administered in the toxicity assays. A smaller group formed by three animals was treated with empty albumin microspheres with the same amount of albumin used in the formulation when AMB was injected at 2 mg/kg in order to verify the effect produced by the formulation without drug. An untreated group was included as well. The second activity test was performed as described above for the first activity assay.
(iii) Third activity assay. AMB microspheres were tested at two intermediate drug doses, 10 and 20 mg/kg, as described above for the first two assays.
Antigen preparation and analysis of antibody responses. Crude saline extracts were prepared from promastigotes of the strain coded as MHOM/FR/78/ LEM75, obtained from cultures in Schneider medium supplemented with HEPES (4 g/liter), sodium bicarbonate (0.4 g/liter), 10% fetal bovine serum (FBS), and antibiotics, as described above. After the parasite suspension was washed several times in PBS (pH 7.2 to 7.4), the parasite suspension, which was kept on ice, was sonicated until a visible decrease in viscosity was detected. Following overnight extraction at 4°C in PBS containing 1 mM phenylmethylsulfonyl fluoride as a protease inhibitor, the extract was centrifuged at 18,000 ϫ g for 1 h and the supernatant was collected and dialyzed overnight at 4°C against PBS. Protein content was measured by the Bradford method, and the aliquoted samples were stored at Ϫ80°C until use. Serum antibody levels were measured by an enzyme-linked immunosorbent assay. Crude saline extracts at a concentration of 2.5 g/ml were used to coat 96-well microtiter plates. Bovine serum albumin at 0.1% in PBS was used as postcoating agent. Sera from hamsters were assayed at 1:100 dilutions, and goat anti-hamster immunoglobulin G coupled to peroxidase was used at a 1:4,500 dilution. o-Phenylenediamine was used as the substrate.
Estimation of parasite burdens. Immediately after the animals were killed (on day 150 postinfection), the liver and spleen from each animal were removed and weighed. Afterwards, samples of these organs were homogenized in cold PBSglucose-EDTA solution with a stainless steel tissue grinder. Cell debris was eliminated by passage through a glass wool column. The suspension obtained was centrifuged at 2,000 ϫ g for 15 min at 4°C. Thereafter, the supernatants were discarded and the pellets were resuspended in C-199 medium supplemented as described above. A total of 200 l of the suspension was transferred to the first well of a 96-well microtiter plate containing NNN medium supplemented with antibiotics. Parasite burdens were estimated by the limiting dilution assay described by Hill et al. (18) and Titus et al. (39) . Briefly, 100 l from the first well was added to the second well with 100 l of medium C-199. This procedure was repeated to obtain serial dilutions. The plates were incubated at 28°C for 10 days. The last positive dilution at which mobile promastigotes could be detected was considered to contain one parasite cell.
Pharmacokinetics. Five groups consisting of five healthy hamsters each were administered a single dose of either AMB microspheres or AMB-Doc, each of
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which contained AMB at a dose of 2 mg/kg, as a bolus into the heart. At different times (5, 30, 90, 360, and 1,440 min) all the animals included in each of these groups were killed; and the AMB concentrations in serum, spleen, and liver were quantified.
(i) Preparation of samples. Blood was collected in heparinized tubes, and plasma was immediately separated by mild centrifugation. One part plasma was mixed with 4 parts methanol. The spleens and livers were weighed and homogenized. Samples of these organs were sonicated in water for 20 min, and 4 parts methanol was added to 1 part homogenate. The resulting mixtures obtained from the plasma, spleen, and liver were mixed with a vortex mixer and centrifuged (8,000 ϫ g). Supernatants were stored at Ϫ20°C until analysis.
(ii) Quantification of AMB. The levels of AMB in plasma and tissues were quantified by high-performance liquid chromatography. Samples were filtered through syringe filters (Millex HV; Millipore) and analyzed. The chromatography system consisted of a Gilson 306 isocratic pump, an automatic sampler (231 XL; Gilson), a variable-wavelength detector (116; Gilson) set at 380 nm, and an integrator (SP-270; Spectra-Physics). Separation was achieved with a Kromasil 100 C 18 reverse-phase column (200 by 4.6 mm; particle size, 5 m; Teknokroma, Barcelona, Spain) preceded by a guard precolumn (KJO-4282; Phenomenex, Torrance, Calif.). The mobile phase was methanol-5 mM disodium EDTA (80: 20; vol/vol), delivered at a flow rate of 1.2 ml/min. The assay was linear from 0.1 to 4.0 g/ml (correlation coefficient, 0.997). Repeatability (coefficient of variation, Ͻ10%), accuracy (91.3 to 99.2%), lower limit of detection (0.03 g/ml), lower limit of quantification (0.1 g/ml), resolution (1.12), and selectivity (1.70) were determined previously.
A one-way analysis of variance test was applied to compare the results for serum and tissues, depending on the formulation injected. Significance was set at a P value Ͻ0.05.
RESULTS

Physicochemical characterization of AMB formulations.
The mean particle size (mean diameter) of the AMB microspheres was 1.0 m, and the standard deviation was 0.7 m. The AMB content in the final product was 4.0%. The absorption spectrum of the AMB microspheres presented maxima at 420, 392, 370, and 358 nm. This conformation would correspond to associated or aggregated molecules, as indicated in previous work (6) . The absorption spectrum of AMB-Doc showed only one important peak, at 328 nm, indicating the prevalence of a different molecular disposition, probably oligomeric water-soluble AMB (22) .
Assessment of AMB formulation toxicities. (i) Acute toxicity. Important differences in acute toxicity were observed, depending on the formulation injected and the existence of infection (Table 1) . At a dose of 5 mg of AMB/kg, all of the animals infected with L. infantum and treated with the AMBDoc formulation died in the first 48 h following the injection. All of the healthy hamsters survived after having been administered the same dose (5 mg/kg), but showed acute adverse reactions (instability and arrhythmia) after having been injected with 10 mg/kg, and all of them died after AMB-Doc administration at a dose of 20 mg/kg. However, none of the hamsters, healthy or sick, treated with AMB microspheres (with AMB at 2.5, 5, 10, 20, or 40 mg/kg) appeared to experience adverse effects.
(ii) Subacute nephrotoxicity. Apparently, under our experimental conditions, none of the formulations seemed to cause subacute nephrotoxicity, because creatinine and urea concentrations were not significantly altered (data not shown).
Antileishmanial activity. The reductions in the parasite burdens in the spleens and livers of animals treated with AMBDoc or AMB microspheres in relation to the burdens in the control groups are shown in Fig. 1 . The AMB microspheres displayed higher levels of activity than the reference AMB-Doc formulation. The AMB microspheres with a dose of 40 mg of AMB per kg apparently eliminated the infection in the spleens and achieved almost complete removal of the parasites from the livers. Moreover, treatment with the same microspheres with 10 mg of AMB per kg proved to be effective enough to produce almost complete clearance of the parasite burdens in both organs. Albumin microspheres containing no drug did not significantly reduce the parasite burdens compared with the burdens in the control group (data not shown).
Kinetics of antibody responses in treated and control animals. Mean optical density values for the antibody levels in treated and control animals were measured for 21 weeks postinfection. From week 14 onward the patterns of the response clearly differed between the control and the treated animals. In the control animals the antibody levels kept increasing to optical density values greater than 0.6 to 0.7 at about week 21. However, in animals treated with 2 mg of AMB/kg as AMB microspheres or AMB-Doc, these levels tended to gradually decrease to values of about 0.4 and followed similar patterns in both groups.
The antibody responses in animals treated with AMB microspheres containing AMB at higher doses showed greater differences compared with those in the controls. The kinetics in animals treated with AMB microspheres with AMB at 40 mg/ kg and empty microspheres compared with those in the untreated controls are represented in Fig. 2 .
In animals treated with AMB microspheres with AMB at doses of 10 and 20 mg/kg, the antibody response patterns were similar, although the decrease in antibody levels from week 14 onward was more important for the higher doses administered.
Pharmacokinetics. Differences in AMB distributions were observed depending on the formulation, as can be seen in Fig.  3A to C. When the drug was administered via microspheres, AMB was cleared from the bloodstream faster (see drug concentrations in serum 30 min after the injection; P ϭ 0.03) and accumulation was observed in the spleen and the liver 24 h after administration.
DISCUSSION
Toxicity limits the clinical use of AMB formulations. Due to its low cost AMB-Doc is usually the first choice for the AMB treatment of leishmaniasis, although it provides a low therapeutic margin for the treatment of this disease. Therefore, in most cases other drugs are used in both human and animal on October 14, 2017 by guest http://aac.asm.org/ medicine. Often, the other compounds are effective but do not preclude a high incidence of relapses. In recent years several safer, although expensive, lipid AMB formulations (AmBisome, Abelcet, and Amphotec) have been commercialized. Other alternatives to the marketed AMB formulations have been explored in the search for a better ratio between safety and manufacturing cost. Some of the strategies used by different investigators have been the inclusion of AMB in lecithin-based microemulsions (25) , lipid emulsions (21), lipid nanospheres (28), or ε-caprolactone nanospheres (11); conjugation to arabinogalactan (12, 15) ; or heat treatment (20, 32) .
The present study was designed to achieve an advantageous formulation by consideration of in vivo toxicity, antileishmanial activity, and economic cost. With this aim in view, a new drug delivery system consisting of hydrophilic albumin microspheres (AMB microspheres) has been developed. Leishmaniae are located inside phagocytes, and the inclusion of the drug in microparticles tends to enhance the amount that arrives inside reticuloendothelial system cells. Another aim is to hinder the interaction between AMB molecules and the biological membranes, against which they can cause adverse effects. From an industrial point of view, the components and production procedures for AMB microspheres allow more reasonable manufacturing costs compared to those for the expensive lipid-AMB complex formulations.
In order to study the lethal toxicity of the new microsphere formulation, different doses were administered to hamsters and the findings were compared with those obtained with the reference formulation, AMB-Doc. AMB-Doc was demonstrated to have lethal effects when it was administered to mice as a therapeutic dose with 1.0 mg of AMB/kg (32) . Under our experimental conditions, the lethal toxicity of the reference formulation was observed with doses higher than 2.5 mg/kg in hamsters (Table 1) , so our toxicity results are more similar to those previously described by Souza and Campa (37) for rats, for which the 50% lethal dose was 4.2 mg/kg. Interestingly, no lethal toxicity with the new AMB microsphere formulation was observed even when it was administered at the highest dose with 40 mg of AMB/kg. From the data reported in Table 1 , it can be concluded that in hamsters the lethal toxicity of this new formulation in relation to that of the reference AMB-Doc formulation is decreased at least eightfold. An important improvement in AMB toxicity was also previously obtained and reported for AmBisome (5) . The use of heated Fungizone and mixtures of AMB with emulsions decreased the acute toxicity of AMB about three times compared with that of the conventional formulation (32, 37) . It should also be pointed out that hamsters infected with L. infantum are more susceptible to the acute toxicity of AMB than healthy hamsters. These data suggest that the use of the less toxic formulations would be especially important at the most advanced stages of the disease.
Nephrotoxicity is an important limitation to the clinical use of AMB. Under our experimental conditions changes in creatinine and urea plasma values were not found in any group of animals. This could be because only three AMB doses of both formulations were administered. The use of more doses would probably have led to renal toxicity.
In relation to the activity studies, when AMB was given at a dose of 2 mg/kg the use of AMB microspheres resulted in significantly higher levels of antileishmanial efficacy in the spleens and livers (decreases in parasite levels of 72% [P ϭ 0.02] and 90% [P ϭ 0.01], respectively) than the use of AMBDoc. Moreover, treatment with the drug in albumin microspheres not only resulted in a higher level of activity at the same dose but also allowed the administration of drug at much higher doses, which were tolerated well. AMB at 5 mg/kg applied as AMB-Doc killed all the infected hamsters. Interestingly, three doses of 40 mg of AMB/kg each injected (on days 69, 71, and 73 after infection) as AMB microspheres produced an apparent complete clearance of the leishmaniae in the spleens and their almost total removal from the livers without producing observable adverse effects. The application of the same treatment with 10 mg of AMB/kg as AMB microspheres also provided almost complete elimination (99.99%) of the parasite burdens from the spleens and livers (P ϭ 0.00 for both organs if the results for both organs are compared to those for the control groups).
The improved activity/toxicity ratio for AMB microspheres in comparison with that for AMB-Doc could be related to different drug biodistributions. Dissimilar pharmacokinetic behaviors have certainly been observed. The results of this work indicate that the levels of clearance of the drug from plasma and accumulation in tissues seem to be higher when AMB is administered in microspheres. The faster clearance from plasma could have to do with the lower acute toxicity, as well as the interaction of the drug with the albumin matrix. Previous reports (10, 30, 33) have shown higher levels of AMB accumulation in the spleen and liver when AMB is injected in other microparticulate delivery systems, particularly liposomes and nanospheres, compared to the levels of accumulation when the drug is administered as AMB-Doc. Our results suggest the same behavior, but one that is even more pronounced, when AMB is given in AMB microspheres. We hypothesize that the differences in biodistributions could be related to different particle sizes and aggregation of the drug at the molecular level.
Previous work has reported on the important influence of particle size on biodistribution. The faster uptake of drugs included in microparticles by organs containing numerous phagocytes has been described before. Inclusion of drugs in microparticles can enhance their levels of entry into the lymphatic stream from tissues (29) and a subsequent slow arrival to the spleen and liver from the lymph system (42) . It has been proposed that the use of a particle size between 1 and 15 m is ideal to increase the level of drug access to the lymph system , and liver (C) after the injection of AMB microspheres or AMB-Doc with a dose of 2 mg of AMB/kg by the intracardiac route. The P values are indicated for the points with significant differences. (13) . The AMB microspheres have a mean size of 1.0 m, so once they are administered by the intravenous route they should be cleared from the blood by the mononuclear phagocyte system (19) .
The aggregation state of AMB molecules brings about the particle size once the drug has left the albumin matrix and, consequently, could affect the biodistribution of the drug. Besides, some work has concluded that the particle size has an influence on toxicity (3, 17, 22) and on the activity of this drug for the treatment of different diseases (6, 7, 14, 31) . Therefore, it is probable that the molecular disposition of AMB could account for the different activities, toxicities, and pharmacokinetics observed. Perhaps the existence of large multiaggregates makes it easier for the formulation to reach splenic and hepatic macrophages. An extensive study is being developed to evaluate this.
In conclusion, treatment with AMB microspheres resulted in an improved therapeutic index, with a safe profile detected in hamsters with up to 40 mg AMB per kg and a higher degree of efficacy compared to that of the reference AMB-Doc formulation for therapy for visceral leishmaniasis. The demonstration of these advantages in terms of activity and toxicity suggests that AMB microspheres have a strong potential for further studies, not only as a treatment for kala azar but also as a treatment for other diseases that can be treated with AMB. Trials with this new formulation against natural visceral leishmaniasis in dogs are in progress.
